Cervical cancer is the second most common female cancer worldwide. The ability to quantify physiological and morphological changes in the cervix is not only useful in the diagnosis of cervical precancers but also important in aiding the design of cost-effective detection systems for use in developing countries that lack well-established screening and diagnostic programs. We assessed the capability of a diffuse reflectance spectroscopy technique to identify contrasts in optical biomarkers that vary with different grades of cervical intraepithelial neoplasia (CIN) from normal cervical tissues. The technology consists of an optical probe and an instrument (with broadband light source, dispersive element, and detector), and a Monte Carlo algorithm to extract optical biomarker contributions including total hemoglobin (Hb) concentration, Hb saturation, and reduced scattering coefficient from the measured spectra. Among 38 patients and 89 sites examined, 46 squamous normal sites, 18 CIN 1, and 15 CIN 2 + sites were included in the analysis. Total Hb was statistically higher in CIN 2 + (18.3 ± 3.6 μM, mean ± SE) compared with normal (9.58 ± 1.91 μM) and CIN 1 (12.8 ± 2.6 μM), whereas scattering was significantly reduced in CIN 1 (8.3 ± 0.8 cm −1 ) and CIN 2 + (8.6 ± 1.0 cm
Introduction
Carcinoma, accounting for more than 70% of all cancers in the United States today [1] , arises from tissue of epithelial origin. Examples of squamous epithelial carcinomas include those of the cervix, skin, and oral cavity.
Since the introduction of the Papanicolaou test in the United States, both the incidence and the mortality rates of cervical cancer have decreased to 8.4 per 100,000 and 2.5 per 100,000 women, respectively [1, 2] . This success has been attributed to cytology screening programs paired with colposcopic-based diagnosis and treatment programs. Colposcopy, a visual examination of the cervix under magnification followed by biopsy of the suspicious lesion, classifies cervical cells into normal, low-grade cervical intraepithelial lesion (CIN 1), its specificity is poor (<50%) even in the hands of expert colposcopists, hence often leading to needless biopsies [3, 4] . The introduction of the human papillomavirus (HPV) vaccine is not likely to obviate the need for the need for colposcopy, particularly for women already infected with HPV or for whom the vaccine is prohibitively expensive.
Among women worldwide, cervical cancer is the second most common cancer with an incidence rate of 16.2 per 100,000 and a mortality rate of 9 per 100,000 women [2, 5] . This is largely attributed to the fact that many countries do not have the appropriate infrastructure and resources to support the organized screening and diagnostic programs that are available to women in the United States. There is a critical need for low-cost, time-saving, and effective approaches to diagnose cervical cancer in the worldwide population. The constraints of cytology-based screening in low-resource settings have prompted the evaluation of alternative methods including visual inspection after application of acetic acid and iodine solution with the unaided eyes, at low magnification, or with a digital camera [6, 7] . However, even in highly controlled research environments, the sensitivity and specificity of these visualization-based screening techniques are 0.77 and 0.65 [8] , respectively, which is highly unlikely to be reproduced in routine service settings within an underresourced community.
Optical technologies, particularly diffuse reflectance spectroscopy, present a potentially affordable approach for fast, noninvasive, and accurate detection of cervical cancer. Diffuse reflectance spectroscopy is a technique that is sensitive to the absorption and scattering properties of tissues. In the near UV and visible wavelengths, dominant absorbers in the cervix are oxygenated (oxyHb) and deoxygenated hemoglobin (deoxyHb), arising from blood vessels in the stroma. Scattering primarily arises from cell nuclei and organelles (epithelium and stroma), as well as collagen fibers and cross-links (stroma). Neoplastic tissue exhibits significant changes in their optical signature. Stromal absorption generally increases with angiogenesis and increased microvessel density, whereas epithelial scattering increases due to increased cytoplasm-to-nuclear ratio and hyperchromasia [9] [10] [11] . Stromal scattering, conversely, has been shown to decrease with neoplastic progression as extracellular collagen network breaks down [10, 12] .
UV-visible reflectance spectroscopy has been successfully developed as a diagnostic tool for precancers and cancers in the uterine cervix [10, [13] [14] [15] [16] [17] [18] [19] [20] , breast [21] [22] [23] , gastrointestinal tract [24] [25] [26] , to name just a few examples. Several preclinical and clinical systems for cervical cancer diagnosis are available [18, [27] [28] [29] [30] to serve an adjunct role to improve the sensitivity and specificity of colposcopy [28] . Previously developed techniques have primarily relied on pattern recognition of the measured spectra to extract features for classification, and thus do not directly contribute to the understanding of underlying morphological and biochemical changes that occur in the precancerous cervix in vivo [9] [10] [11] [12] . Understanding the underlying sources of contrast in the precancerous cervix will hone in on the features of the reflectance spectra that are best able to discriminate between precancerous and normal tissues. Having this knowledge should enable the construction of more inexpensive diagnostic systems that may be used in communities where the infrastructure for well-organized screening and diagnostic programs is lacking.
A number of recent studies have developed mathematical models and methods to quantify the absorption and scattering properties of the cervix from reflectance measurements. Georgakoudi et al. [15] observed a trend toward smaller and flatter reduced scattering spectrum (μ s ′(λ)) in the cervix using UV-visible reflectance spectroscopy coupled with a diffusion equation-based mathematical model. Collier et al. [31] quantified an increase in scattering of the cervical epithelium using Beer's law-based analysis of near infrared (NIR) confocal microscopy results. Georgakoudi et al. [11] also used light scattering spectroscopy from 350 to 700 nm and found an increase in nuclear density with CIN compared with normal tissue in vivo. Mourant et al. [32] used polarized light scattering from 500 to 1000 nm to quantify Hb concentration and saturation and found that the slopes and ratios were the most diagnostically useful in distinguishing CIN 2 + from non-CIN 2 + . Mourant et al. did not see a significantly difference in total Hb and Hb saturation between CIN 2 + from normal and CIN 1 when colposcopically normal sites are included. Hornung et al. [16] quantified cervical scattering and Hb concentration using diffuse reflectance spectroscopy at select NIR wavelengths and a diffusion-based model in vivo. In the same study, Hornung et + . These studies demonstrated that precancerous cervical tissue can be distinguished from normal tissue based on optical biomarkers derived from the absorption and scattering properties of tissue in vivo.
The study presented in this paper builds on the excellent body of work on the quantification of optical biomarkers in cervical neoplasia. We have developed an optical toolbox consisting of a fiber-opticbased spectrometer and a stochastic model based on a Monte Carlo algorithm [33] to quantify rapidly and nondestructively in vivo the absorption and scattering properties of tissues from diffuse reflectance spectra measurements. The primary difference between the clinical systems described above for diffuse reflectance spectroscopy and our technology is the mathematical approach used to quantify the underlying sources of intrinsic contrast. The mathematical model we have developed is applicable over a wide wavelength range (UVvisible) for which the diffusion equation is not well suited and the physical illumination and collection geometry of the optical probe can be accurately accounted for in the model. We conducted a pilot clinical study to quantify the absorption and scattering properties of normal, low-grade, and high-grade precancers of the human cervix in vivo using our technology and identified the biomarkers that showed the statistically most significant differences between highgrade precancers and all other tissue types. We also compared the results of our study to those previously reported [11, 16, 31] to compare the conclusions reached using different approaches in the clinic. In addition, we compared the trend reported in our study for total Hb concentration to the microvessel density analysis of the cervix reported in the literature [12, [34] [35] [36] [37] [38] .
Methods

Clinical Study
Protocol design The study protocol was reviewed and approved by the Institutional Review Board at Duke University Medical Center. Patients referred to the Duke University Medical Center Colposcopy Clinic after an abnormal Papanicolaou test result were recruited for the study. Pregnant women were excluded from study. Diffuse reflectance, delivered to and collected through a fiber-optic probe, was collected from one to three visually abnormal site(s) immediately after colposcopic examination of the cervix with the application of 5% acetic acid. This was followed by an optical measurement on a colposcopically normal site from the same patient. Optical interrogation of colposcopically normal and abnormal sites was conducted before biopsy to avoid confounding absorption due to superficial bleeding. Biopsy samples were taken only from colposcopically abnormal sites. Identification of abnormal site, placement of the probe on the cervix, and biopsies were made by the same gynecologist (P.S.C.). Initially, probe motion during data collection was an issue, but this was later addressed with a custom-designed probe holder by Duke Physics Machine Shop, constructed out of Delrin to withstand sterilization. The probe holder secured the probe onto the speculum, reducing patient and probe motion artifact. Optical data were correlated with the adjudicated biopsy diagnoses (S.M.B. and R.C.B.).
Instrumentation
Spectrometers Two spectrometers were used for this clinical study: a custom-built spectrometer (Instrument A) and SkinSkan (Instrument B), both from JY Horiba (Edison, NJ). The spectrometers and fiber-optic probe ( Figure 1 ) have been described in detail in previously published studies [39, 40] . Briefly, the illumination component of Instrument A has a 450-W Xe arc lamp and double-grating monochromator (1200 grooves per millimeter grating), and its detection module consists of an imaging spectrograph (300 grooves per millimeter grating) and CCD camera for simultaneous wavelength detection. The illumination arm of Instrument B consists of a 150-W Xe arc lamp and a double-grating monochromator (1200 grooves per millimeter grating), and the detection arm consists of a monochromator (1200 grooves per millimeter grating) and a photomultiplier, which detects the intensity one wavelength at a time. The grating of the monochromator in Instrument A was set to zeroth order for broadband (white) light illumination. Integration time was set to 100 milliseconds for both instruments. Because Instrument A is capable of detecting all wavelengths simultaneously, one diffuse reflectance spectrum measurement took approximately 200 milliseconds, whereas the same measurement took approximately 3 seconds on Instrument B. The spectral resolutions were 10 and 3.5 nm for Instruments A and B, respectively. Both instruments were wavelengthcalibrated at the beginning of the day by measuring the peak position of a HeNe laser (Instrument A) or Si photodiode (Instrument B). To account for the wavelength-dependent throughput of the system and drifts in lamp intensity, the raw diffuse reflectance spectrum was calibrated through division by reflectance from a reflectance standard (Spectralon; LabSphere, North Sutton, NH). The measured reflectance spectrum from 450 to 600 nm was interpolated at 5-nm intervals using a cubic spline function (MATLAB; Mathworks, Natick, MA). Data where the gynecologist noted probe motion or significant patient motion were excluded from data analysis. Two sites were rejected for probe motion before the use of the probe holder, compared with one rejected site afterward.
Fiber-optic probe A bifurcated fiber-optic probe (RoMack, Williamsburg, VA) was used to collect diffuse reflectance from patients recruited for the study. The common end (that is in contact with tissue) consists of a central bundle of 19 illumination fibers, encircled by a ring of 18 collection fibers ( Figure 1 ). All fibers are multimode (200/240-μm core/cladding diameter) and have a numerical aperture of 0.22. The fibers are epoxied inside a stainless steel tube with an outer diameter of 3.2 mm. The stainless steel tube was sterilized in Cidex OPA (ASP, Irving, CA) for 20 minutes before each procedure for disinfection.
The sensing depth of the fiber-optic probe, defined as the maximum depth that 50% to 90% of the detected photons ever penetrated, was evaluated using Monte Carlo simulations similar to [40, 41] . Monte Carlo modeling is a numerical technique that is valid for a wide range of tissue properties and can be used to model light transport in biological tissue over the entire UV-VIS-NIR wavelengths [33, 42] . A Monte Carlo code [41] was used to carry out diffuse reflectance simulations on a two-layered tissue model using absorption and scattering coefficients of the cervical epithelium and stroma reported by Chang et al. [43, 44] . On the basis of the definition provided above, the mean sensing depth for λ between 450 and 600 nm was 523 and 1070 μm up to 50% and 90%, respectively. Because the average thickness of cervical epithelium varies between 200 and 350 μm [43] [44] [45] , photons collected by the probe contain information from both epithelial and stromal layers, with increasing stromal contribution as the wavelength increases. Epithelial thickness does not seem to correlate with pathology, although it is dependent on age and decreases in postmenopausal women [44] .
Pathology (consensus reading) Colposcopic biopsies were fixed in 10% buffered formalin, embedded in paraffin, sectioned, and stained with hematoxylin and eosin per routine protocols. Original histological diagnoses were rendered by four board-certified anatomic pathologists with expertise in gynecologic pathology. Original biopsy slides were blindly reviewed again (S.M.B.). When a diagnostic discrepancy occurred on review, a second pathologist (R.C.B.) examined the case. The second pathologist's diagnosis served as the tiebreaker. For biopsies where three-way disagreement occurred, the two reviewing pathologists examined the cases concurrently at a multiobserver microscope to establish a consensus diagnosis. Diagnoses were based on the World Health Organization classification of HPV-associated intraepithelial lesions of the cervix (CIN) [46, 47] and included the following: negative for dysplasia, HPV cytopathic effect/CIN 1, CIN 2, and CIN 3. Pathologists often find it difficult to distinguish between CIN 2 and CIN 3; hence, both are often lumped together as highgrade intraepithelial lesion (CIN 2 + ). Epidemiologically, CIN 2 + are more likely to progress to invasive carcinoma as compared with lowgrade lesions, which commonly spontaneously regress [48] . Hence, methods to reliably distinguish between normal and CIN 1 versus CIN 2 + are desirable.
Data Analysis and Validation
A flexible and fast Monte Carlo-based inverse model developed previously by our group [33] was used to extract the absorption and Figure 1 . A schematic of the fiber-optic-based spectrometer. Currently, the system is housed on a mobile cart in the colposcopy clinic.
Neoplasia
scattering properties of the cervical tissue from the measured diffuse reflectance spectra. The model is valid for a wide range of optical properties and easily adapts to any probe geometry provided a onetime calibration is performed on a synthetic phantom with known absorption and scattering coefficients. The wavelength-dependent extinction coefficients for the absorber and refractive indices of the scatterer and surrounding medium are considered fixed parameters in the inverse model [33] . The average refractive indices over 450 to 600 nm used in the model for the scatterer and the surrounding medium, water, are 1.60 and 1.34, respectively [33] . The wavelength-dependent extinction profile of oxyHb and deoxyHb are reported by Prahl [49] . The free parameters that are iteratively searched during fitting include absorber concentration, scatterer size, and volume density of scatters. A Gauss-Newton nonlinear least-squares optimization algorithm (MATLAB; Mathworks) was used to minimize the difference between the measured and the Monte Carlo-simulated diffuse reflectance [33] . A ratio of the measured reference phantom reflectance to the modeled reference phantom reflectance gives a calibration factor that enables a direct comparison between measured and predicted reflectance spectra during the inversion process. This model has been extensively validated [33, 50] and used by our group in a number of preclinical and clinical studies [23, 40, [50] [51] [52] [53] [54] [55] .
Validation on synthetic tissue phantoms A total of 10 phantoms (for each instrument) with tissue-mimicking optical properties were constructed to study the accuracy with which absorption and scattering over the 450-to 600-nm wavelength range can be quantified. Details of the validation can be found in Bender et al. [50] . Briefly, phantoms were constructed from a homogenized suspension (using magnetic stirrers) of monodisperse polystyrene scatters (1-μm diameter polystyrene spheres, catalog no. 07310; Polysciences, Warrington, PA) and human Hb absorbers (H0267 ferrous stabilized human Hb; Sigma-Aldrich, St. Louis, MO). Table 1 shows the ranges and means of the absorption μ a (λ) and scattering coefficients μ s ′(λ) of these phantoms over the 450-to 600-nm wavelength range. A range of optical properties is reported because values are wavelengthdependent. The optical properties are chosen based on previously reported literature values [43, 50] . The expected values for μ a (λ) were determined using a spectrophotometer and Beer's law, whereas μ s ′(λ) of the phantoms were computed using Mie theory.
Data Processing
Raw diffuse reflectance was calibrated by dividing the reflectance from a reflectance standard, and then input into the inverse model to extract μ s ′(λ), μ a (λ), and the concentrations of endogenous absorbers, oxyHb and deoxyHb. For clinical data analysis, phantom 9 was chosen as the reference phantom based on recommendations from Bender et al. [50] . A medium-scattering phantom with clinically relevant concentration of Hb enables flexible and accurate inversion of clinical data using the Monte Carlo model.
Results
Phantom Validation
Diffuse reflectance was collected on identically structured phantom sets using both Instruments A and B. Details of the validation can be found in Bender et al. [50] . Using Instrument A, percent extraction errors for mean μ a , [Hb] , and mean μ s ′ were 7.0 ± 9.4%, 6.0 ± 6.7%, and 7.6 ± 5.9% (mean ± SD), respectively. Using Instrument B, percent extraction errors for mean μ a , [Hb] , and mean μ s ′ were 5.5 ± 3.4%, 3.7 ± 4.2%, and 2.4 ± 1.8%, respectively. Standard deviation was calculated using different reference phantoms.
Patients and Biopsy Results
A total of 89 sites were optically interrogated in 38 female patients aged 18 to 34 years (mean ± SD, 24.7 ± 4.4 years). All recruited patients were premenopausal. Ten sites were excluded secondary to motion artifact (n = 3), other tissue types (n = 5), and ungradable biopsies (n = 2). Consensus reading results of the sites are listed in Table 2 . No invasive squamous cell carcinoma or glandular lesions were identified in this cohort. Diffuse reflectance from normal cervical sites is higher than those from dysplastic tissue owing to increased absorption and decreased scattering in dysplastic tissue. Troughs in the calibrated diffuse reflectance spectrum represent wavelengths where there are strong absorptions. The α and β absorption peaks of oxyHb are visible near 542 and 576 nm in normal, CIN 1 and CIN 2 + sites. Figure 2 , B and C, shows the extracted absorption and reduced scattering spectra extracted from the same patient for different types of tissue. The extracted absorption spectra closely match the absorption spectrum of oxyHb with the α and β absorption peaks of oxyHb. The extracted reduced scattering spectra ( Figure 2C ) are fairly featureless and monotonically decrease over the measured wavelength range. Absorption, and hence, the total Hb concentration, increases, whereas scattering decreases as tissue progresses from normal to CIN 1 and then to CIN 2 + . 
Clinical Study
Statistical Analysis
Kruskal-Wallis tests were used to assess global differences in the extracted parameters among different tissue grades, and post hoc Wilcoxon rank sum tests were performed using diffuse reflectance from 450 to 600 nm when the global test is significant at the P < .05 level. In identifying different combinations of tissue grades showing differential measurements, we have incorporated the Bonferroni correction for the multiple post hoc tests. Because CIN 1 are often symptomatic of viral infection and inflammation and regress to normal tissue over time, the clinical emphasis is on distinguishing between CIN 2 + from normal and CIN 1 tissues [48] . A summary of extracted optical and physiological parameters and the results of statistical tests can be found in Table 3 . and <μ s ′(λ)> were preserved when only biopsy-confirmed normal sites were used, but no statistically significant differences were observed (P < .06 and P < .41 for [total Hb] and <μ s ′(λ)> in CIN 2 + vs normal and CIN 1, respectively). This is likely because of the small number of biopsy-confirmed normal sites (n = 12) compared with the number of colposcopically normal sites (n = 36).
Discussion
Diffuse reflectance spectroscopy has been used to identify cervical precancers and multiple commercialization efforts are underway *Excluded data include normal columnar (n = 4), motion (n = 3, of which 2 were before the use of probe holder), ungradable biopsies (n = 2), and flat condyloma (n = 1). Motion was noted when the gynecologist noted a drift in the probe before and after light interrogation. Normal columnar tissues were excluded from the analysis because of the small sample size. + compared with normal and CIN 1, although there was a significant decrease of (<μ s ′(λ)>) in CIN compared with normal tissue (P < .002). Asterisks refer to significance at the P < .025 level with the Bonferroni correction. [27] [28] [29] . However, most current technologies are trained to recognize spectral differences between normal and abnormal cervical tissues using empirical techniques and hence cannot be used to quantify the underlying physiological changes associated with dysplastic development. Quantifying the underlying sources of contrast, in our opinion, could lead to streamlined systems that hone in on the physiologic and morphological features that most effectively distinguish high-grade precancers from other tissue types. In addition, our technology can serve as a tool that noninvasively probes the physiological and morphological changes in tissue due to various perturbations such as chemotherapy or radiation therapy, labor, and pathological processes. Using the Monte Carlo-based inverse model, we were able to quantify tissue absorption and scattering, as well as Hb concentration and saturation in vivo from diffuse reflectance collected [33, 52] .
The concentration of oxyHb and total Hb increased significantly (P < .001 and P < .002, respectively) from normal and CIN 1 (grouped together) to CIN 2 + (Table 3) . However, the concentration of deoxyHb did not show a significant difference between CIN 2 + and other tissue types. Therefore, most of the increases in [total Hb] are attributed to increased concentration of oxyHb. From Monte Carlo simulations, the current fiber geometry has an average 75% sensing depth (i.e., the maximum depth that 75% of the detected photons penetrated) equaling to 532 to 868 μm for λ between 450 and 600 nm, well into the cervical stroma. Because most collected photons originate from the vascular stroma, the increase in Hb content in CIN 2 + is likely due to angiogenesis, or formation of new blood vessels, that accompanies intraepithelial neoplasia. The concentration of Hb is a direct indicator of tissue vascularity, which may be impacted by angiogenesis. In contrast to the ovary and the endometrium where angiogenesis plays an important role in normal physiology, angiogenesis in the uterine cervix is involved primarily in neoplastic processes [34] . Multiple groups have confirmed the importance of angiogenesis in the cervical neoplastic development [16, 32, 35, 56, 57] , independent of the degree of associated inflammation [56] .
Using immunohistochemical stains for vascular endothelial cells, Abulafia et al. [34] and Dellas et al. [35] have shown that microvessel density, which is proportional to [total Hb], is positively correlated with cervical precancer grades. Manifestation of neovascularization is along the basement membrane beneath precancerous lesions, indicating that angiogenesis may occur before or concomitant with the transformation to invasive carcinoma. Clinically, this feature may be seen by colposcopy as coarse punctuation or mosaic microvascular patterns on the surface of the cervical precancerous lesion after the application of acetic acid. Neither [oxyHb] nor [total Hb] was significantly different between normal and CIN 1 tissues, suggesting that the increase in vasculature is delayed until more severe dysplastic development as in CIN 2 + . Smith-McCune et al. [58] , using immunohistochemical staining for factor VIII and expression of vascular endothelial growth factor, found no significant difference in angiogenesis between CIN 1 and normal controls yet noted a significant increase in CIN 2 + versus normal and in CIN 2 + versus CIN 1. Hemoglobin saturation, defined as the ratio of [oxyHb] to [total Hb], is an indicator of tissue oxygenation, as oxyHb is the dominant oxygen transporter. In our study, no significant differences were observed between the different tissue types, suggesting that oxygenation level is similar in normal and precancerous tissues in the sensing depth of our probe. Using immunohistochemical staining on cervical biopsies, Lee et al. [59] showed that hypoxia-inducible factor 1α activity was highly expressed in normal, CIN 1, and CIN 2 but decreased significantly in CIN 3. Because hypoxia-inducible factor 1α expression was confined to the hypoxic basal epithelial cells (and later throughout the epithelium with increasing severity), the primarily stromalsensing depth of the probe may have prevented the detection of the contrast in Hb saturation.
Using diffuse reflectance data from 450 to 600 nm, mean reduced scattering decreased significantly from normal to precancerous tissues (P < .002) in our study. Although epithelial scattering is expected to increase with dysplastic transformation of the epithelial cells [60] , stromal scattering has been shown to decrease due to the breakdown N/S stands for not significant when P ≥ .025; .025 < P < .10 is considered partially significant (P/S). of collagen. Several groups [12, 19, 45] have observed a decrease in collagen fluorescence in CIN compared with colposcopically normal tissue. Because collagen is a major scatterer in the visible wavelength, stromal scattering is expected to decrease in CIN compared with normal tissue. Considering that the sensing depth of our probe is primarily in the stroma, decreased stromal scattering causes observed scattering to decrease overall with severity of precancerous lesion. Georgakoudi et al. [11] also observed a similar decrease in scattering from metaplastic to CIN 2 + using diffuse reflectance spectroscopy. Mean reduced scattering did not decrease significantly when normal and CIN 1 were combined versus CIN 2 + (P < .06), although dysplastic cervix (CIN) has a significantly lower scattering compared with normal tissue (P < .002), suggesting that destruction of collagen fibers is most significant upon the initial neoplastic development (as in CIN 1) and does not decrease significantly between CIN 1 and CIN 2 + . Results of quantitative optical studies of the cervix are summarized in Table 4 . CIN 1 was excluded from Table 4 because not all studies included this category. Hornung et al. [16] quantified higher [total Hb] than what we have reported in our study, which is likely due to a significantly greater volume weighting of the stroma with an estimated sensing depth of 3 mm. Because [total Hb] is expected to increase with angiogenesis, the decrease in [total Hb] from normal to CIN 2 + by Hornung et al. [16] is likely due to other biochemical changes or modeling assumptions. Mourant et al. [32] , using polarized elastic light scattering from 500 to 1000 nm, did not observe a statistically different [total Hb] between CIN 2 + and normal, CIN 1, and cervicitis tissues. Hemoglobin saturation values reported in the studies by Hornung et al. [16] and Mourant et al. [32] were similar to ours and drew similar conclusions in that no significant differences in Hb saturation were observed between normal and high-grade precancerous tissues.
We have assessed the capability of our diffuse reflectance system and inverse model to characterize optical and physiological parameters of normal and dysplastic cervical tissues. Despite interpatient variability from fluctuations in normal physiology, statistically significant differences were observed in [total Hb] (P < .002) and mean reduced scattering (partially significant at P < .06) in CIN 2 + versus normal and CIN 1, clinically the most important classification to avoid overtreatment. Ratios of extracted parameters may also be used to classify different tissue types, especially when changes of opposite directions are combined into one ratio to increase statistical power. For instance, the statistical power in discriminating normal and CIN 1 from CIN 2 + was improved when the ratio of [total Hb] over mean μ s ′(λ) was used. The ability to quantify physiological and morphological changes is useful not only in the diagnosis of cervical precancers but also in the planning and monitoring of therapies. Moreover, quantification of physiological parameters may allow correlation with angiogenesis and other tissue parameters to provide insights into tissue carcinogenesis. Future improvements to increase the sample size as well as using an oblique fiber optimized for detecting layer-dependent optical contrasts are underway.
